Abstract. Low density polyethylene/layered double hydroxide (LDH) composites were prepared via melt compounding using different kinds of organo-LDHs and polyethylene-grafted maleic anhydride as the compatibilizer. The organo-LDHs were successfully prepared by converting a commercial MgAl-carbonate LDH into a MgAl-nitrate LDH, which was later modified by anion exchange with linear and branched sodium alkyl sulfates having different alkyl chain lengths (n c = 6, 12 and 20). It was observed that, depending on the size of the surfactant alkyl chain, different degrees of polymer chain intercalation were achieved, which is a function of the interlayer distance of the organo-LDHs, of the packing level of the alkyl chains, and of the different interaction levels between the surfactant and the polymer chains. In particular, when the number of carbon atoms of the surfactant alkyl chain is larger than 12, the intercalation of polymer chains in the interlayer space and depression of the formation of large aggregates of organo-LDH platelets are favored. A remarkable improvement of the thermal-oxidative degradation was evidenced for all of the composites; whereas only a slight increase of the crystallization temperature and no significant changes of both melting temperature and degree of crystallinity were achieved. By thermodynamic mechanical analysis, it was evidenced that a softening of the matrix is may be due to the plasticizing effect of the surfactant.
Introduction
Layered double hydroxides (LDHs), commonly known as hydrotalcite-like compounds or anionic clays, are a class of host!guest materials whose general formula is [M 2+ is a divalent metal ion (i.e. Mg 2+ , Zn 2+ , etc.), M 3+ is a trivalent metal ion (i.e. Al 3+ , Cr 3+ , etc.), A is an anion with valency n (i.e. CO [2] [3] , Cl -, NO -3 , etc.) or an organic anion, m is the number of moles of water per formula weight of compound, and x is a stoichiometric coefficient, generally ranging between 0.2 and 0.4, which determines the layer charge density and the anion exchange capacity [1] [2] [3] . LDHs are structurally similar to the mineral brucite [Mg(OH) 2 ] with a fraction of the M 2+ ions being replaced by M 3+ ions. Such replacement results in a net positive charge on the octahedral layers, which is balanced by the anions located in the interlayer region where the hydration water molecules are also present [3, 4] .
Owing to their highly tunable and unique anion exchange properties, LDHs are being considered as new emerging layered host materials that can be tailored to accommodate a wide range of guest molecules to create novel solids with desirable physical and chemical properties controlled by host!guest and guest!guest interactions [5] . As layered hosts, LDHs have been used in many potential applications, such as catalysts, ceramic precursors, ion exchangers, absorbents, medicine stabilizers, and for controlled release of anions [6] [7] [8] [9] [10] [11] [12] [13] . Very recently, their potential as nanofillers for preparing polymer nanocomposites has received considerable attention from both academic and industrial points of view. In contrast to more conventional layered silicates (i.e. MMT), LDHs possess certain inherent advantages; for example, being mostly of synthetic origin, their composition and properties can be modulated by simply changing the type and the molar ratio of the metal ion pairs during the preparation. In addition, the unique positive charge of LDH crystal layers provides a greater flexibility in selecting the most suitable organic modifiers. However, the hydrophilic nature, the strong interlayer electrostatic interactions, and the small intergallery space (around 0.28 nm) make them incompatible with hydrophobic polymers. For this reason, it is necessary to modify the LDH surface, usually with organic anions [14] , in order to minimize the attractive forces between the layers, and to increase the interlayer distance and hydrophobicity of LDH, aiming to obtain a good dispersion in polymer matrices. There are several methods reported in the literature for preparing organo-modified LDHs, i.e. anionexchange of a precursor LDH, regeneration, thermal reaction, direct synthesis by coprecipitation, and the more recent one-step synthesis method [15] [16] [17] . Among all of the methods described, anion exchange is one of the more commonly used and several anionic species, such as phosphates, carboxylates, sulfonates, and sulfates, have been used [18] . Actually, the exchange reaction is controlled by the selectivity of the layered host for the different anions, and in a previous work by Miyata et al. [19] , it was demonstrated that the selectivity scale of exchangeable anions is as follows: CO LDH!based polymer nanocomposites have been extensively investigated with a large number of polymers, including, epoxy resins [20] , polyamide [21] , poly(ethylene terepthalate) [22] , poly(vinyl alcohol) [23] , poly(lactic acid) [24] , poly(#-caprolactone) [25] , polypropylene [26] [27] [28] [29] [30] , and polyethylene [15, [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . Much attention has been focused on preparing LDH polyethylene (PE)-based nanocomposites due to the good balance between processability, mechanical properties, and chemical resistance of this thermoplastic polymer, very suitable for packaging and engineering applications. In particular, LDH PE!based nanocomposites were prepared by solution intercalation [31] [32] [33] [34] and melting processes [35] [36] [37] [38] [39] [40] . Costa and coworkers [35, 39] first reported the preparation of intercalated/ flocculated LDPE/(dodecyl benzene sulphonate, DBS)-LDH nanocomposites using a melt intercalation process. A complex morphological feature of dispersed LDH particles was observed, with the particles mostly located in the form of thin platelets and agglomerates. Rheological studies of these nanocomposites evidenced a significant change of the linear viscoelastic response in the low frequency region with respect to the matrix due to the formation of a network-like structure via the interaction between the LDH particles and the polymer chains, even if the morphological analysis by X-ray diffraction (XRD) and transmission electron microscopy (TEM) did not give evidence of homogeneous dispersion and perfect exfoliation of DBS-LDH particles. Nonetheless, both thermal stability and fire resistance properties were significantly enhanced [36] , most likely due to the barrier effect of LDH layers on the oxygen diffusion, thus preserving PE chain segments from thermal oxidation. Similar results were also achieved in the case of LLDPE/ dodecyl sulphate (DS)-LDH nanocomposites [37] and PE/ stearate-LDH nanocomposites [38] .
Even though it has been demonstrated that the organic modification of LDH is sufficient to achieve the intercalation of PE chains between the layers [41] , the use of a compatibilizer, such as a polyethylene functionalized with maleic anhydride groups (PEMAH), is necessary to improve the interactions between the polymer and the LDH and to favor the formation of composites with a stable morphology.
Costa et al. [39] prepared PE/LDH composites using an unmodified PE and a PE functionalized with MAH, both as the matrix; in particular, it was investigated how the chemical compatibility of the polymer matrix with LDH influences the morphology of the composites and the rheological properties. The scanning electron microscopy (SEM) analysis evidenced that platelets were well coated by the functionalized polymer, while the formation of structural associations, or clusters, was associated with the presence of the unmodified PE. A different behavior of rheological parameters vs. temperature, due to a deviation from the liquid-like low frequency toward a pseudo solid-like flow, was also observed in the presence of the functionalized PE, originating from the differences between the polymer-particle and particle-particle chemical interactions [42] .
In the framework of a study of the role of interfacial effects/interactions in the preparation of nanocomposites, we report results about the morphology and properties of LDPE/organo-LDH composites prepared by changing the type of anion used for modifying the LDH. LDH-CO 3 was first converted to LDH-NO 3 for facilitating the organo-modification by anion exchange. Then, three different organoLDHs were prepared with linear and branched alkyl sulfates having different alkyl chain lengths (n c = 6, 12 and 20, which is the number of carbon atoms of the main alkyl chain), and the products were characterized by XRD, Fourier transform infrared spectroscopy (FTIR), SEM, and thermogravimetry (TGA). Finally, LDPE composites were prepared by melt processing with all of the organo-LDHs and using a PEMAH as compatibilizer of the system. The morphology, and thermal and thermo-mechanical properties of such materials were investigated in order to evaluate the effect of the dispersion of LDH platelets in the polymer matrix on the final properties. 3 , was obtained by titration at room temperature of the LDH-CO 3 dispersed in a 1M NaNO 3 aqueous solution (mass/volume = 2 g/100 ml) with Figure 1 . Chemical structure of anionic surfactant guest molecules used for preparing the organo-LDHs a 1M HNO 3 . After titration, the white solid was washed several times with CO 2 -free deionized water and dried overnight at 60°C in a vacuum oven [43] . The calculated anion-exchange capacity (AEC) of the LDH-NO 3 was 3.81 mmol of NO -3 /g, calculated as follows: AEC = x/M w ·10 3 (mequiv/g), where M w and x are the molecular weight and the layer charge per octahedral unit, respectively [44, 45] . The organo-LDHs were synthesized via anionexchange reaction. Firstly, for each organo-LDH, an amount of surfactant corresponding to 1.5 times the AEC of the LDH-NO 3 was dissolved in 100 ml of CO 2 -free deionized water and heated at 70°C until a clear solution was obtained. The pH of the solution was maintained at 10 by using 1M NaOH solution. Secondly, 1 g of the LDH-NO 3 was added to the surfactant solution, followed by ultrasound treatment for 15 min. The mixture was magnetically stirred for 24 h at 70°C in nitrogen atmosphere. Then the resulting organo-LDHs were first separated by centrifugation at 6000%g for 10 min, washed several times with CO 2 -free deionized water until pH = 7, and finally dried at 60°C under N 2 atmosphere till constant weight. The organo-LDHs were labeled as LDH-C6, LDH-C12, and LDH-C20 having 2-ethylhexyl sulfate, dodecyl sulfate, and eicosyl sulfate, respectively, as interlayer anions.
Experimental part

Preparation of LDPE/organo-LDH
composites LDPE composites with different organo-LDHs were prepared in an internal batch mixer (Plastograph PL2100, Brabender, Duisburg, Germany) 30 ml chamber at 180°C using a screw speed of 80 rpm. In the first step, LDPE and PEMAH were melt blended in the mixing chamber for 4 min until achieving a constant torque value, then the desired amount and type of organo-LDH was added and compounded for 16 min. The amount of clay was fixed at 2.5 wt% with respect to the polymer matrix in the case of LDH-C6 and LDH-C12, and 1.5 wt% for LDH-20, whereas the PEMAH compatibilizer was added in the same amount as the organo-LDH. In the case of the LDH-C12, a second composite was prepared by adding 5 wt% LDH-C12 with respect to the total amount of polymers to obtain LDPE/LDH-C12_5%. The exact formulation for each composite is given in Table 2 . 
Characterizations
X-ray diffraction (XRD) patterns of LDH-CO 3 , LDH-NO 3 , organo-LDHs, and their LDPE composites were recorded by using a Kristalloflex 810, (Siemens, Karlsruhe, Germany) diffractometer (CuK & radiation, ! = 0.15406 nm) in the 2" region of 1.5 to 40° at the scanning rate of 0.016°/min. The crystallite size of LDHs was calculated using the Scherrer Equation (1): (1) where L [nm] is the thickness of the crystallite in the direction perpendicular to the plane metal hydroxide sheet in LDH materials, # is a factor between 0.87 and 1.00, B is the full-width at half-maxima (FWHM, rad) and " is the scattering angle [°]. Fourier transform infrared (FT-IR) spectra of the LDH-CO 3 , LDH-NO 3 , and organo-LDHs were recorded over the wavenumber range 450 to 4000 cm -1 using a spectrophotometer (Model 1760-X, PerkinElmer, Waltham, Massachusetts, USA). The spectra were obtained by mixing the sample with potassium bromide powder. The thermogravimetric analysis (TGA) of the LDH-CO 3 , LDH-NO 3 , organo-LDHs, and LDPE composites was performed (Model TGA/SDTA 851 e , Mettler-Toledo GmbH, Schwerzenbach, Switzerland). Samples (~10 mg) were placed in alumina sample pans and runs were carried out at the standard rate of 10°C/min from 25 to 900°C under air flow (60 ml/min). The Mg/Al ratios of the LDH-NO 3 and organoLDHs were determined by inductively coupled plasma atomic emission spectrometry (ICP-OES) (Varian Vista MPX, Varian, Palo Alto, California, USA) using a Varian Vista MPX spectrometer, as previously reported [28] . For this analysis samples were dissolved in a nitric acid solution. In this way it was determined the stoichiometric coefficient x of the LDH general formula
nx/n ·mH 2 O. Carbon, hydrogen, and sulfur elemental analyses of the organo-LDHs were determined by a CHNS elementary analyzer (TruSpec ® , LECO Corporation, St Joseph, Michigan, USA). The analyses yielded the following results: LDH-C6: 55.98% C, 7.52% H, 5.46% S; LDH-C12: 54.72% C, 7.11% H, 5.15% S; LDH-C20: 56.59% C, 7.51% H, 5.80% S. Accordingly, the intercalation amount of alkyl sulfate surfactants into the LDH interlayers was calculated. Finally, the moles of water per formula weight of compound, m, were estimated by the first step of degradation of the TGA. The chemical formulae of the organo-LDHs, calculated by combining all these information are given in Table 1 . The morphological features of the LDH-CO 3 , LDH-NO 3 , and organo-LDHs were studied using a scanning electron microscope (FE-SEM) (S-4800, Hitachi High-Technologies Corporation, Ibarakiken, Japan). The powdered samples were first spread on a sample button using conducting cement, while the composite samples were dipped and fractured in liquid nitrogen before putting them on the sample button. Then, all of the samples were sputtered with platinum before viewing under the electron microscope operating at 3 kV. The transmission electron microscopy (TEM) (Zeiss EM 900 microscope, Carl Zeiss, Oberkochen, Germany) was performed operating at an acceleration voltage of 80 kV. Ultrathin sections (about 50 nm thick) of compression-moulded plaques were prepared by a cryoultramicrotome (Leica EM FSC, 
where 'H m is the experimental melting enthalpy, (1 -(x) is the polyethylene fraction by weight in the composite and 'H m 0 is the melting enthalpy of an infinite polyethylene crystal (293 J/g). The thermo-mechanical properties of materials were investigated by dynamic mechanical thermal analysis (DMTA) (DMA7e, PerkinElmer, Waltham, Massachusetts, USA) in three-point bending geometry. Thermograms were obtained at a heating rate of 5°C/min and 1 Hz frequency in the temperature range of -150 to 50°C. Specimens of the composites for XRD, TEM and DMTA (2%1%0.2 cm) analyses were prepared at 190°C by using a laboratory hot-press (Carver 3851-0, Carver ® , Wabash, Indiana, USA).
Results and discussion 3.1. Preparation and characterization of the organo-LDH particles
To facilitate the exchange process with organic surfactants, the LDH carbonate form (LDH-CO 3 ) was converted into nitrate (LDH-NO 3 ) following the method described by Miyata [19] . The XRD pattern of the LDH-NO 3 evidences the shift of all diffraction maxima to lower angles and, in particular, the (003) basal reflection from 2" = 11.7° to 2" = 9.9°, corresponding to an enlargement of the basal spacing (d 003 ) from 0.76 to 0.89 nm (Figure 2a) . Moreover, the FTIR spectrum of the LDH-NO 3 (Figure 2b) shows peaks at 1384 and 839 cm -1 , due to the % 3 and % 2 vibration modes, respectively, of the NO -3 [43] , in addition to adsorption peaks at 670 and 550 cm -1 (Al-OH and Mg-OH translation modes), and a broad adsorption peak at 3459 cm -1 , associated with the -OH stretching [46] . The XRD patterns of the organo-LDHs modified with anionic surfactants having alkyl chains of different lengths, two linear and one branched, are shown in Figure 3a . For all of the samples, it was clear that there was a further shift toward lower angles of the (003) basal reflection with the increasing number of carbon atoms of the surfactant alkyl chain (n c ), which is consistent with an enlargement of the interlayer distance from 0.89 to 2.12, 2.42 and 3.25 nm for n c = 6, 12 and 20, respectively (Table 1) . Moreover, higher order reflection peaks (00l), due to the formation of well-ordered guest intercalated LDH layers, are shown in the XRD patterns. Nonetheless, even if the anion exchange was carried out under nitrogen atmosphere to prevent
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Figure 2. XRD patterns (a) and FTIR spectra (b) of LDH-NO 3 and LDH-CO 3 carbonate contamination, a weak peak at 2" = 11.5°( 0.77 nm), related to the co-intercalation of carbonate anions, still exists for all of the samples. A perpendicular orientation of surfactants in organoLDHs has been observed in previous studies [47] [48] [49] . Indeed, due to the small equivalent area of LDHs, the surfactants form generally mono-or bimolecular films instead of lying flat on the interlamellar surfaces. Based on these investigations, which were carried out for a wide range of LDHs and surfactants, the relation for predicting the interlayer distance in the case of primary alkyl sulfates with monolayer or bilayer arrangement of the surfactant in the interlayer space is given by Equations (3) and (4) (Figure 3b) is consistent with the hypothesis of a monolayer arrangement of all surfactants between the LDH layers. A close similarity between experimental and calculated values was obtained in the case of LDH-C12, whereas for both LDH-C6 and LDH-C20, small differences were observed which could be due to a different tilt angle of the surfactant alkyl chains and/or a different amount of the water adsorbed layer with respect to those considered for the valuation. In particular, for the case of LDH-C6 the ethyl Figure 4a ) reveals a stacking of hexagonal plate-like particles with a highly anisometric nature, where the lateral dimension varies from 100 to 200 nm and the thickness is less than 100 nm. After the exchange of carbonate with nitrate anions, the particle morphology is substantially unchanged (Figure 4b ), whereas the nitrate exchange with the organic surfactants leads to clear variation.
In particular, for the smallest surfactant alkyl chain (n c = 6, Figure 4c ), the stacking structure of the plate-like particles seems to be partially lost. Actually, the particles appear in aggregated form (see the inset picture) with a size of �500 nm and a rougher surface than the unmodified particles. The irregular particle morphology in our case may come from the ethyl-branched structure of the surfactant probably hindering the ordering of the LDH layers, as similarly observed [52] . Most likely, the stacks tend to connect to each other, probably via hydrophobic interactions [54] . When n c is increased to 12 (Figure 4d ), well-stacked hexagonal particles reappear, whereas for n c equal to 20 (Figure 4e ), the particle morphology is somewhat changed as compared to the others. Indeed, the LDH-C20 particles arrange themselves in a non-uniform stacking of irregular hexagonal plate-like particles. Also, there appears to be an uneven surface and unshaped edges, probably as a consequence of the excess of anionic surfactants draped over the outer particle surfaces [52, 54, 55] . The successful exchange of these surfactants into the LDH layers was also confirmed by the FTIR spectra ( Figure 5 ). The organo-LDHs show absorption peaks at 1220 and 1065 cm -1 , corresponding to symmetric and asymmetric S=O vibration of the sulfate group, as well as absorption peaks at 2850-2965 cm -1 , which are due to the -CH 2 stretching of the hydrocarbon chains [37, 56] . The appearance of broad characteristic peaks of CO 2-3 ions at 1370 (% 3 ), 820 (% 2 ), and 680 cm -1 (% 4 ), suggests there are a few carbonate ions remaining between the layers, in agreement with XRD results [3, 37] . The presence of interlayer water molecules in the organo-LDHs was evidenced by the shoulder absorption band at 1632 cm -1 , due to the H 2 O bending vibration. The TGA/DTG curves of the LDH-NO 3 and the organo-LDHs are shown in Figure 6 . It can be seen that the LDH-NO 3 exhibits a two step decomposition process. The first weight loss step, up to 300°C, is attributed to the loss of adsorbed and interlayer water molecules (~9%), whereas the second weight loss step, between 300 and 750°C (~37%), corresponds to the loss of the interlayer nitrate ions and to the dehydroxylation of the metal hydroxide layers [57] . The thermal decomposition behavior of all of the organo-LDHs mainly takes place in four steps. The first decomposition step, up to 180°C (~10%), corresponds to the loss of the surface water molecules and crystallization water located in the interlayer region. This step shifts to lower temperatures as compared to the unmodified LDH; this shift is due to the fact that the interaction between the interlayer water molecules and the hydroxide layers was greatly reduced by the incorporation of surfactant molecules [36] . In the temperature range of 180 to 800°C, there is a combination of three degradation steps (accounting for about 50% of the sample mass loss) which are due to the degradation of the samples up to the formation of metal oxides. This combinatorial degradation stage and the related exothermic effect involve more processes: the decomposition of intercalated alkyl sulfate surfactants (180 to 260°C) [36] , the loss of some interlayer carbonate ions interfering with partial dehydroxylation of the layered LDH (260 to 500°C), and then the complete dehydroxylation process of the layered LDH. Among the organo-LDHs, LDH-C20 exhibits a maximum thermal stability, most likely due to the higher stability of the eicosyl sulfate compared to the other surfactants. Moreover, as expected, the smallest amount of residue at 900°C was obtained for this sample which contains the surfactant with the highest molecular weight.
Preparation and characterization of the LDPE/organo-LDH composites
After the addition of the organo-LDH to the molten matrix, no significant changes in the torque-versustime plot were observed for any of the samples (Figure 7a) . Generally, in the case of organo-clays, it is reported that fracturing of clay particles into smaller aggregates, and delamination lead to a gradual increase of the melt viscosity, thus determining a torque raise [58] . In our case, the unchanged torque behavior could be due to the plasticizing effect of the high surfactant amount present in the organoLDHs, which could suppress any effect of reinforcement. The XRD patterns of the composites in the range 2" = 1.5 to 10° are shown in Figure 7b . In the case of the LDPE/LDH-C6 sample, a (003) basal reflection at 2" = 3.9° (2.3 nm), very close to the value of pure LDH-C6, was observed, thus suggesting that the LDH-C6 was probably not dispersed in the LDPE matrix. On the other hand, in the case of the LDPE/LDH-C12 and LDPE/LDH-C20 composites, (003) basal reflections of low intensity at 2" = 3.18°( 2.8 nm) and 2" = 2.28° (3.9 nm), respectively, were observed. For these two samples, the polymer chains were intercalated, and it cannot be excluded that a partially exfoliated/intercalated mixed morphology, as well as small or disordered stacks of platelets, was formed. Moreover, it was observed that the higher order basal reflection (i.e. <006> and <009>) distinctly reduced or disappeared, further evidencing that the well-ordered structure of the metal hydroxide layers was at least partially destroyed [59] . These results are in agreement with the values of Flory-Huggins interaction parameters between the LDPE and organo-LDHs. Actually, the interaction between the LDPE and organo-LDHs can be estimated according to the method reported in the literature and based on the determination of solubility parameters using the molar attraction constants of the functional groups derived from the Hoy's table [60, 61] . In particular, the solubility parameters of LDPE and organo-LDHs can be calculated according to the following Equation (5): (5) where ' is the solubility parameter of the species, )F i is the sum of the molar attraction constants of all the groups in the repeating unit of the species, M is the molecular weight of the repeating unit, and ( is the density of the species. The solubility parameters for LDPE and LDH-C6, LDH-C12 and LDH-C20 are 18.0, 16.3, 16.9 and 17.1 J 1/2 ·cm -3/2 . Hence, the Flory-Huggins interaction parameter ($ AB ) between two components (A and B) can be calculated as shown in Equation (6): (6) where R is the gas constant, T is the temperature and V r is a reference volume (which can be considered to be 100 cm 3 ·mol -1 ). In particular, the $ AB value for LDPE and LDH-20 (0.03) is smaller than for LDPE and LDH-12 (0.05) and LDPE and LDH-6 To have a clearer overview of the dispersion of the LDH platelets, SEM images were acquired on the fractured surfaces of the samples (Figure 8a-c) . In the case of the LDPE/LDH-C6 composite (Figure 8a) , both low and high magnification SEM images evidenced the presence of aggregates of LDH-C6 platelets of 2 to 3 *m, whereas, in the case of composites containing LDH-C12 (Figure 8b ) and LDH-C20 (Figure 8c ), the aggregates have lower dimensions (see high magnification images; particles pointed to by arrows) and the LDH particles seem to be better dispersed in the matrix. Moreover, no voids were observed between the intercalated particles and the matrix at the failure surface, which indicates that a strong interaction exists between them. Therefore, it seems that the dispersed platelets were well coated by the LDPE, probably thanks to the presence of PEMAH chains, which should promote favorable interactions with the LDH surface. By combining the XRD and SEM results, it appears that the extent of the organo-LDH dispersion in the LDPE depends 'primarily' on the interlayer distance of the organo-LDHs and, therefore, on the chain length of the anionic modifiers and their assembly between the LDH layers. Moreover, the favorable interactions between the organo-LDHs and the polymer matrix promote intercalation, dispersion and adhesion. Actually, the increase of the d-spacing and, therefore the formation of intercalated structures, was preferentially observed when the number of carbon atoms of the surfactant alkyl chain is equal to or larger than 12. To deeply investigate the morphology of the LDPE/LDH-C12 sample, TEM images were acquired ( Figure 9 ). As already indicated by SEM analysis, micrometric particles of different dimensions up to more than 10 µm, may be formed by assembling of intercalated tactoids, were observed into the matrix. Furthermore, neither submicrometer tactoids nor single lamellae were detected. On the basis of these results, it can be reasonably supposed that during melt processing, polymer chains preferentially intercalate between the LDH sheets of the organo-LDHs having the highest dspacing values (LDH-C12 and LDH-C20), likely also as a consequence of better interactions between the long chain surfactants and the PE; but intercalation was not sufficient to obtain high degrees of delamination and dispersion of platelets. Generally, the properties of nanocomposites prepared with organo-clays are improved or depressed when the amount of filler is increased. In order to investigate this aspect, LDH-C12 was selected for preparing an additional organo-LDH/LDPE composite with 5 wt% of organo-LDH with respect to the polymers (LDPE/LDH-C12_5%). The XRD pattern of this new sample evidenced a broad diffraction peak at 2" = 3.4° (d 003 = 2.7 nm), slightly more shifted toward the (003) reflection of the pristine LDH-C12 with respect to the reflection detected in the case of the 2.5 wt% composite (Figure 10a) . This result could be a consequence of the presence of non-intercalated LDH-C12 platelets. Actually, low and high magnification SEM images (Figure 10b) evidenced the presence of numerous aggregates with a size of about 2 to 5 *m, most likely made of several interconnected LDH platelets. It seems that these big particles are kept together by strong face-face interactions between adjacent LDH platelets (indicated by the circle) or between individual layers. The TGA and DTG curves of the LDPE, LDPE/ PEMAH, and organo-LDH composites are shown in Figure 11 . The temperatures corresponding to 10 and 50% of weight loss (T 10% and T 50% ), the temperature at the maximum rate of weight loss (T max ), and the residue obtained at 900°C are reported in Table 2 . A two-step decomposition is apparent for the composites: the first step, in the temperature range of 200 to 405°C (�25% weight loss), involves the dehydration of metal hydroxide layers, thermal degradation of the organic modifiers, and volatilization of the thermo-oxidative products of LDPE [33] ; the second step, in the temperature range of 405 to 600°C (�70!75% weight loss), is ascribed to the decomposition of polyethylene chains and the volatilization of the residual polymer [62] . It can be observed that the initial degradation (i.e. at 10% weight loss of composites) is faster, compared to the pure matrix, which is due to the earlier degrada- Figure 9 . TEM image of the LDPE/LDH-C12 sample tion of the organic modifiers [34, 37] . However, the layers produced by the fast degradation of the organo-LDHs are very advantageous for promoting the charring process, thus enhancing the thermal stability of the polymer materials. This remarkable enhancement of thermal properties is characterized by a shift of the TGA and DTG curves (Figure 11b ) toward higher temperatures, after 25% weight loss, and the temperature at the maximum rate of weight loss (T max ) is increased by about 20 to 33°C with respect to the pure matrix, suggesting a generally slower degradation process. Among these compos- ites, the LDPE/LDH-C6 sample has the highest degradation temperature, even though the XRD and SEM analyses evidenced a poor dispersion degree. However, the degradation temperature of the LDPE/ LDH-C20 is nearly the same as that of the LDPE/ LDH-C6, even if a lower amount of clay was added to the LDPE/LDH-C20 sample (1.5 wt% with respect to the LDPE/PEMAH blend). This infers that LDH platelets in the bulk polymer promote the charring process and enhance the flame retardant properties of the LDPE [36, 37, 63] .
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The residue left after combustion of LDPE and LDPE/PEMAH blend is nearly zero as the hydrocarbon chains are converted into gaseous products. If we assume that by heating up the composites to 900°C under air both the polymers and the organic part of organo-LDHs are completely burnt, the amount of TGA residue could be deduced from the organo-LDH formulae. Actually, by considering the formation of metal oxides, the residue is proportional to the amount of organo-LDH added to the polymer blends. The melting (T m ) and crystallization (T c ) peak temperatures, as well as the melting enthalpy ('H m ) and degree of crystallinity ($ c ), were determined by DSC measurements ( Table 2) . Most of the samples show an increase of T c , especially in the case of LDPE/LDH-C20, and a slight decrease of T m with respect to the LDPE/PEMAH blend. The increase of T c is probably due to the heterogeneous nucleation activity of the dispersed LDH platelets; actually, just a small amount of the LDH platelets could accelerate the crystallization process of LDPE. However, the degree of crystallinity seems unchanged and independent of the type of composite. By comparing the two LDPE composites prepared with different concentrations of LDH-C12, it can be observed that there was no significant influence of the amount of organo-LDH on the crystallization and melting behavior of LDPE. Instead, a slight decrease of degree of crystallinity ($ c , Table 2 ) is observed; this decrease is probably due to the suppression effect of the aggregated-LDH, which hinders the growth of the LDPE crystallites. The storage modulus (E+), loss modulus (E,) and loss tangent (tan') behavior vs. temperature of composites prepared with the different types of organoLDHs are shown in Figure 12a -c. Generally, LDPE exhibits three relaxations (known as &, ) and *) which are associated with chain motions in the crystalline phase (& at about +50°C), chain motions of branched structures in the amorphous matrix (the )-relaxation, at about -20°C, is absent in entirely linear polyethylene), and the motion of the amorphous polyethylene which is caused by small local short-range segmental motions involving three to five CH 2 chain segments (* at about -125°C) [64, 65] . It can be observed from Figure 12a that the E+ of all of the samples decreases slowly until -50°C; then a sharp drop appears, which is related to the )-relaxation process. The E+ of the composites is higher than that of the LDPE/ PEMAH matrix in the low temperature region (Table 3) , except in the case of the LDPE/LDH-C20 sample.
In a previous work, it was found that LDPE/organo-LDH nanocomposites, prepared in a twin screw extruder, had a lower storage modulus with respect to the polymer matrix [41] , not evidencing reinforcement, but rather a softening of the matrix. It was assumed that this effect could be a consequence of the low stiffness of the organo-LDH particles [66] [67] [68] , even if it was not excluded that the free surfactant and surfactant molecules loosely bound to the outer surface of the LDH particles could increase the mobility of the polymer chains at the polymerfiller interfacial region, thus acting as plasticizers [68] . On the basis of the results collected here, it can be assumed that higher values of E+ are probably obtained when the organo-LDH dispersion is poor. Actually, the highest E+ was achieved for the LDPE/LDH-C6 sample, which has the worst dispersion morphology, as evidenced by the XRD and SEM characterizations. Nonetheless, it cannot be excluded that, independently of morphology, the surfactant chain could act as a plasticizer, increasing the mobility of the polymer chains at the polymer-filler interfacial region; the longer the alkyl chain, the higher the extent of the surfactant-polymer interaction as demonstrated by the calculation of interaction parameters, and greater the efficiency of the surfactant as plasticizer. This means that the different lengths of the surfactant alkyl chain play a fundamental role, not only related to the dispersion/ morphology aspects, but also to the interactions at the interface, thus very much affecting the final properties. The )-relaxation is assumed here to be the glass transition temperature (T g ) of the composite. Indeed, it is reported that both the *-and )-relaxations are quoted to have the properties of the glass-rubber transition. In particular, when the alkylidene content is low, the *-peak is more prominent, whereas )-relaxation is the dominant mechanism at high alkylidene content. It has been also shown that the higher the amorphous fraction, the more intense is the )-relaxation, which may be classified as T g [64, 65] . It appears from Figure 12b -c that the peak position related to the )-relaxation of the composites shifts to higher temperatures compared to that of the LDPE. Generally the state of dispersion of clay platelets in polymer nanocomposite systems is determined by dynamic oscillatory shear measurements. Actually, Figure 12 . Dynamic (a) storage modulus, (b) loss modulus, and (c) loss tangent of the pure matrix and the LDPE/organo-LDH composites the storage (G+) and loss moduli (G,) of the nanocomposites increases monotonically with the clay loading at all frequencies, but beyond a threshold volume fraction, the individual layers and tactoids are not able to rotate freely, and thus incomplete relaxation occurred when subjected to the shear. This incomplete relaxation due to the physical jamming or to the formation of a percolated three dimensional network leads to the presence of the pseudosolid-like behavior observed in both intercalated and exfoliated nanocomposites [69, 70] . It is suggested that the strong interaction between the polymer and the clay platelets restricts the mobility and alters the relaxation processes of the polymer, leading to the low-frequency plateau in the shear moduli and non-Newtonian viscosity behavior with clay loading at the low-shear rate [71] . These measurements also showed that tan' (G,/G+) is dependent on polymer-clay interaction; in particular, tan' > 3 for non-associated, 1 < tan' < 3 for weakly associated, and tan-< 1 for strongly associated dispersed particles [72] . Hyun et al. [73] also evidenced that the clay content affects the tan' value: at low clay content tan' is greater than 1, while at high clay content tan' becomes less than 1. In our case, the height of the tan -peak of the composites (Figure 12c ) decreases with respect to the matrix, moving from the composite prepared by adding LDH-C20 to LDH-C12 and to LDH-C6. The tan' values for the )-relaxation (-40°C) are for all the samples much smaller than 1: LDPE/PEMAH = 0.114, LDH-C6 = 0.097, LDH-C12 = 0.088 and to LDH-C20 = 0.110. This suggests the presence of strongly associated dispersed platelets, which supports the formation of intercalated composites, as shown by XRD results and confirmed by the large rigid aggregates evidenced by SEM images. It can be also observed that tan' curves after room temperature seem to move to higher temperature, which is correlated to the &-relaxation region. Most likely the polymer!clay interactions not only restricted the molecular motion in the amorphous phase, but also confined the segmental relaxation in the crystalline phase [64] . A similar behavior was observed on other systems such as EVA/EPDM/DS-LDH nanocomposites [67] and PBT nanocomposites [68] . By increasing the LDH concentration of the composites (LDPE/LDH-C12_5% vs. LDPE/LDH-C12) a higher E+ value was observed throughout the entire temperature range (Table 3) , thus suggesting that the addition of the LDH enhanced the stiffness of the composite. The temperature dependence of the storage modulus enhancement factor, defined as E+ real = E+ composite /E+ pure matrix, in the case of the LDPE/LDH-C12 (2.5 wt%) and LDPE/LDH-C12_5% (5 wt%) composites, is shown in Figure 13 . By increasing the amount of LDH-C12, the relative storage modulus is increased. This may contribute to the fact that some volume of the composite is occupied by LDH particles, for which the storage modulus is much greater than for the pure polymer. In that case, two distinct peaks appear at -46 and 33°C, which are related to the setting up of the chain motion in the amorphous ()-relaxation) and crystalline (&-relaxation) phases, respectively. In the case of the LDPE/LDH-C12 (2.5 wt%) sample, the relative modulus curve is nearly constant from the beginning until -10°C, and afterward it suddenly drops. The observed glass transition temperature (T g ) of the LDPE/LDH-C12_5% (5 wt%) sample slightly decreases compared to that of LDPE/LDH-C12, but it is much higher than that of the pure matrix (see Table 3 ). Moreover, as already been suggested about the tan' value for higher clay loading, the composite with 5 wt% LDH-C12 shows the strongly associated dispersed clay platelets with tan' less than 1 (0.087).
Conclusions
LDPE/organo-LDH composites were prepared via melt-compounding using PEMAH as the compatibilizer. Pristine LDH-CO 3 was modified with various alkyl chain length sulfates (n c = 6, 12 and 20) by a two step anion exchange methodology. The XRD analysis demonstrated that intercalated LDPE/ organo-LDH composites were obtained by melt mixing, depending on the chain length of the anionic modifiers. In particular, intercalated structures were achieved when the number of carbon atoms of the surfactant alkyl chain was equal to or larger than 12. Moreover, the TGA analysis showed that the composites exhibited a remarkable enhancement of thermal properties, in which the decomposition temperature is 20 to 33°C higher than that of the pure matrix. The DSC results showed an increase of the crystallization temperature, due mainly to nucleation effects, whereas, neither significant changes of the melting temperature nor of the degree of crystallinity were observed. On the other hand, the mechanical properties, and in particular the storage modulus data, were affected by the morphology and by the physical properties of the surfactants at the interface. Generally, a reinforcing effect was observed by using LDH modified by surfactants having short alkyl chains (C6), providing larger aggregates owing to a sort of physical crosslinking effect induced by the strong interactions between the functionalized polymer and the layered clay. The significant increase of the )-relaxation peak temperature related to the glass transition temperature (T g ) of the composites may be explained by the stronger interactions between the polymer and the layered filler, which restricted the mobility of the polymer chains. By increasing the chain length of the LDH modifier, a softening of the composite was observed due to a plasticizing effect of the surfactant, which also promoted effective interactions between the matrix and the nanofiller, thus providing a better morphology. This means that the alkyl chain length of the surfactant could play a fundamental role, not only related to the dispersion/morphology aspects, but also to the interactions at the interface, very much affecting the final properties.
